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(57) [Abstract] 



[Object] An object of the present invention is to provide a method for the manufacture of 
a compound semiconductor film, which makes it possible to produce a compound 
semiconductor film uath high degree of crystallinity and good surface flatness at a low 
cost. 



[Means To Resolve the Problems] A manufacturing method using heterogrowth 
technique in which a buffer layer is formed on a Si substrate and a compound 
semiconductor is grown, this method comprising forming a buffer layer 2 of y-AhOa or 
the like on a Si substrate 1 , forming a preliminary grown layer 3 by preliminary growing 
a metal on the buffer layer 2, and forming the desired compound semiconductor film 4 on 
the preliminary grown layer 3 consisting of a metal. 



[Patent Claims] 



[Claim 1] A method for the manufacture of a compound semiconductor film on a Si 

substrate comprising: 

a process of forming a buffer layer consisting of an oxide on said Si substrate, 
a process of forming a preliminary grown layer consisting of a metal on said 

buffer layer, as a process of preliminary growing said compound semiconductor film, and 
a process of forming the desired compound semiconductor film on said 

preliminary grown layer consisting of a metal. 

[Claim 2] The method for the manufacture of a compound semiconductor film as 
described in Claim 1, wherein Y-AI2O3 is formed as said buffer layer, 
and preliminary growing is conducted by using at least one of AI, Ge, In, and metal 
elements constituting the compound semiconductor to be grown, as the preliminary 
grown layer consisting of a metal 

[Claim 3] The method for the manufacture of a compound semiconductor film as 
described in Claim 1 or Claim 2, wherein AIN, GaN, InN, and mixed crystal compounds 
thereof are grown as said compound semiconductor film. 

[Claim 4] The method for the manufacture of a compound semiconductor film as 
described in any claim fi-om Claims 1 to 3, wherein Al is used as the metal of said 
preliminary grown layer. 

[Claim 5] The method for the manufacture of a compound semiconductor film as 
described in any claim fi-om Claims 1 to 4, wherein the thickness of said preliminary 
grown layer is substantially less than 30 A. 

[Detailed Description of the Invention] 

[0001] 

[Field of technology] The present invention relates to a method for the manufacture of a 
compound semiconductor film which produces a film with good crystallinity and surface 
flatness within a fi-amework of technology for forming compound semiconductor films 
on Si substrates. 

[0002] 

[Prior Art Technology] Sapphire is currently a substrate of choice for nitride 
semiconductors, such as GaN, that have been used as materials for blue LED (Jpn. J. 
Appl. Phys. 30 (1991) L1998 and the like). The usage of Si, SiC, MgO, GaAs, MgAl204, 
ZnO and the like as substrates other than sapphire has also been reported. However since 
all these substrates have a large lattice mismatch with GaN, a good GaN film comparable 
with that grown on sapphire cannot be produced. 



[0003] On the other hand, a method of growing Y-AI2O3 on a Si single crystal substrate 
and then growing Si has been reported as a method for epitaxial growth of a SOI structure 
comprising growing Si on an insulating substrate material (Appl. Phys. Lett. 67 (1995) 
2200). 

[0004] 

[Problems Addressed by the Invention] A method of growing y-A^Oa on a Si single 
crystal substrate and then growing a GaN film as a compound semiconductor film has 
recently been reported (Appl. Phys. Lett. 72 (1998) 109). 

[0005] However, when a GaN film, which is a compound semiconductor film, is formed 
on Y-AI2O3 on a Si single crystal substrate, it is necessary to form a GaN film as a low- 
temperature buffer layer for preliminary growth prior to the formation of the GaN film. 
The problem associated with this operation is that it complicates the manufacturing 
process and increases the production cost. 

[0006] Furthermore, the GaN film finally formed after a GaN layer has been formed in 
advance as a low-temperature buffer layer on such Y-AI2O3 could not be obtained with 
quality sufficient for practical applications. For example, if an X ray rocking curve is 
measured at a film thickness of 1 .3 ^im, the FWHM (Full Width of Half Maximum) has a 
poor value of 3240 (arcsec). Moreover, PL (Photo Luminescence) measurements 
demonstrate intensive light illumination fi-om deep levels close to 550 (nm). 

[0007] Accordingly, it is an object of the present invention to provide a method for the 
manufacture of a compound semiconductor film, which makes it possible to produce a 
compound semiconductor film with high degree of crystallinity and good surface flatness 
at a low cost. 

[0008] 

[Means to Resolve the Problems] The present invention provides a method for the 
manufacture of a compound semiconductor film on a Si substrate comprising a process of 
forming a buffer layer consisting of an oxide on the Si substrate, a process of forming a 
preliminary grown layer consisting of a metal on the buffer layer, as a process of 
preliminary growing the compound semiconductor film, and a process of forming the 
desired compound semiconductor film on the preliminary grown layer consisting of a 
metal. 

[0009] In this method, y-A^Os can be formed as the buffer layer, and preliminary 
growing is conducted by using at least one of Al, Ge, In, and metal elements constituting 
the compound semiconductor to be grown, as the preliminary grown layer consisting of a 
metal. 



[0010] AIN, GaN, InN, and mixed crystal compounds thereof can be grown as the 
compound semiconductor film. 

[0011] Al can be used as the metal of the preliminary grown layer. 

[0012] The thickness of the preliminary grown layer is substantially less than 30 A. 

[0013] 

[Preferred Embodiment of the Invention] The preferred embodiment of the present 
invention wall be described below vsdth reference to the drawings attached. 

[0014] First, the scheme of the method for the manufacture of a compound 
semiconductor film in accordance with the present invention will be described below 
based on the process shovra in Fig 1 . 

[0015] A Si substrate similar to that shown in Fig 1(a) is prepared as the substrate used in 
accordance with the present invention. 

[0016] In a process shown in Fig 1(b), y-A^Os is formed as a buffer layer 2 on a Si 
substrate 1 . No specific limitation is placed on the method for growing y-AhO^ on the Si 
substrate 1 . Moreover, Y-AI2O3 is not the only material suitable for the buffer layer 2. 
Other oxides may also be used. 

[0017] Examples of suitable grov^h methods include ordinary methods such as low- 
pressure chemical deposition method (LPCVD), ultrahigh vacuum chemical deposition 
method (UHV-C VD), molecular beam epitaxy (MBE), sputtering, laser MBE and the 
like. No specific limitation is placed on the thickness of y-AbOa in this process. For 
example, the thickness within a range fi-om 0.003 to 1 |xm is suitable for practical 
applications. 

[0018] Then, in the process shown in Fig 1(c), a preliminary grown layer 3 consisting of 
a metal is formed on the buffer layer 2 consisting of Y-AI2O3. The preliminary growing is 
conducted by using at least one of Al, Ge, In, and metal elements constituting the 
compound semiconductor to be grown as the metal of the preliminary grown layer 3. 

[0019] Metalloorganic chemical deposition method (MOCVD), molecular beam epitaxy 
(MBE), electron beam (EB) deposition, sputtering and the like can be used for forming 
the preliminary grown layer 3. Furthermore, the thickness of the metal film in 
preliminary growing is preferably no more than 100 A, even more preferably, no more 
than 30 A. 

[0020] By conducting the preliminary growth of such preliminary grown layer 3, it is 
possible to stabilize and homogenize the surface of y-A^Os that was irregular on atomic 
level in the prior art methods with the metal element for preliminary growth. 




[0021] Then, in the process shown in Fig 1(d), the Si substrate 1 containing the 
preliminary grown layer 3 is heated to a growth temperature of the desired compound 
semiconductor, the compound semiconductor is deposited to a desired thickness, and a 
compound semiconductor film 4 is formed. 

[0022] For example, AIN, GaN, InN, mixed crystal compounds thereof, and the like can 
be used as the compound semiconductor. 

[0023] The substrate surface prior to the above-described formation of the compound 
semiconductor film 4 is in a state in which it is uniformly covered with the metal of the 
preliminary grown layer 3. Therefore, at the initial stage of growth, the compound 
semiconductor easily grows in a two-dimensional nucleus growth mode. For this reason, 
the crystallinity and flatness of the grown compound semiconductor are greatly improved 
by comparison with those obtained by the conventional methods using no preliminary 
growth of a metal. 

[0024] No specific limitation is placed on the method for forming the compound 
semiconductor film 4. Thus the ordinarily used methods such as metalloorganic chemical 
deposition method (MOCVD), molecular beam epitaxy (MBE), metalloorganic molecular 
beam epitaxy (MOMBE), sputtering, laser MBE and the like can be employed. The 
above-described processes make it possible to obtain the compound semiconductor film. 

[0025] The reason why the formation of the preliminary grown metal layer 3 greatly 
improves crystallinity and flatness will be described below. 

[0026] Usually, when y-A^Os or sapphire are used as a substrate, it is not clear whether 
Al (aluminum) or O (oxygen) atoms are in the outermost surface layer of the untreated 
substrate. When a compound semiconductor is grown on a substrate in such surface state, 
the difference between atoms present in the outermost surface layer will lead to different 
initial growth states of the film. Thus, if oxygen atoms appear in the outermost surface 
layer, a three-dimensional island-like grovi^ proceeds, and if Al atoms are present, the 
above-described two-dimensional nucleus grov^ occurs. 

[0027] Three-dimensional growth occurring in a crystal growth process causes 
degradation of surface crystallinity and flatness. For example, boundaries become defects 
when the crystal nuclei aggregates are formed. 

[0028] Accordingly, conducting preliminary growth by using a metal, as it is done in 
accordance with the present invention, makes it possible to unify the atoms of the 
outermost surface layer by the metal atoms, thereby enhancing the two-dimensional 
growth. Thus, the preliminary growth of a metal makes it possible to vary the 
configuration of atoms in the outermost surface layer of the buffer layer 2, thereby 
allowing the surface crystallinity and flatness to be improved. 



[0029] Specific examples of the present invention will be described below. 



[0030] (Embodiment 1) Embodiment 1 of the present invention will be described below. 



[0031] First, y-AbOa was grown as the buffer layer 2 on a Si substrate. A Si (1 1 1) 
substrate was used as the substrate and the single-crystal y-AbOs was grown in an MBE 
apparatus using metallic Al and N2O as the starting material at a substrate temperature of 
820°C, a Knudsen cell temperature (K-cell temperature) of 1 lOO^'C, and an N2O pressure 
of 3 X 10'^ Pa, The single-crystal y-AhOs film with a thickness of about 5 ^m and (1 1 1) 
orientation was grown within 60 min. 

[0032] Then, the temperature of the Si substrate 1 on which the y-A^Oa has been grown 
was decreased to room temperature and an Al thin film having a thickness of 20 A was 
grown at a rate of 1 A/s as the preliminary grown layer at an Al Knudsen cell temperature 
of 1050°C. 

[0033] The substrate temperature was then raised to 800°C and a GaN film having a 
thickness of about 1000 A was grown as the compound semiconductor film 4 in a gas- 
source MBE apparatus using metallic Ga and N2 gas excited by ECR plasma as starting 
materials. 

[0034] Once the growth has been completed, a reflected high-energy electron diffraction 
(RHEED) pattern on the GaN film surface was studied. A clear streak-like GaN pattem 
was observed. It showed that the crystallinity and surface flatness of GaN were very 
good. 

[0035] The surface of the produced GaN film was studied with AFM (Atomic Force 
Microscope). The root mean square value of roughness (Rrms) was 35 A. 

[0036] Furthermore, the X ray rocking curve of the produced GaN film measured at a 
(0002) plane had a value of 1240 arcsec. 

[0037] Fig 2 shows the results obtained in studying the PL spectrum of the grown GaN 
film under He-Cd laser excitation at room temperature. Only photoluminescence caused 
by interband transition with a peak at 364.4 nm was observed, which confirmed that the 
GaN film had good crystallinity. 

[0038] (Comparative Example) A comparative example relating to Embodiment 1 will be 
described below. 

[0039] A single-crystal y-AhOs film with a thickness of about 50 A and (1 1 1) orientation 
was grown as the buffer layer 2 on the Si (1 1 1) substrate 1 . 

[0040] Then, a GaN film having a thickness of 100 A was grown at a substrate 
temperature of 800°C v^thout the preliminary growth of Al as the preliminary grown 
layer 3. 




[0041] Once the growth has been completed, a reflected high-energy electron diffraction 
(RHEED) pattern on the GaN film surface was studied. A spot- and ring-like GaN pattern 
was observed. It showed that the crystallinity and surface flatness of GaN degraded by 
comparison with those obtained in Embodiment 1. 

[0042] The surface of the produced GaN film was studied with AFM (Atomic Force 
Microscope). The root mean square value of roughness (Rrms) was 90 A. 

[0043] Furthermore, the X ray rocking curve of the produced GaN film measured at a 
(0002) plane had a value of 201 0 arcsec. 

[0044] Fig 3 shows the results obtained in studying the PL spectrum of the grown GaN 
film under He-Cd laser excitation at room temperature. In addition to photoluminescence 
caused by interband transition that was observed in Embodiment 1, a photoluminescence 
vdth a wide wavelength band was observed in the vicinity of 470 nm. This resuh 
indicates that the defect levels appearing due to nitrogen loss are widely spread in a deep 
region of GaN energy levels. 

[0045] Data presented in Fig 2 and Fig 3 confirmed that the crystallinity and surface 
flatness of the compound semiconductor film formed in Embodiment 1 are markedly 
better than those obtained in the comparative example. 

[0046] (Embodiment 2) Embodiment 2 of the present invention will be described below. 

[0047] In this embodiment, a thin Ga film having a thickness of 20 A was grown at a Ga 
Knudsen cell temperature of 850*^0 instead of the Al thin film as the preliminary grown 
layer 3. 

[0048] A GaN film was grovm as the compound semiconductor film 4, in the same 
manner as in Embodiment 1, on the Si substrate 1 on which the Ga thin film has been 
formed. 

[0049] Once the growth has been completed, a reflected high-energy electron diffraction 
(RHEED) pattern on the GaN film surface was studied. A clear streak-like GaN pattern 
was observed. 

[0050] The surface of the produced GaN film was studied with AFM (Atomic Force 
Microscope). The root mean square value of roughness (Rrms) was 40 A. 

[005 1] Furthermore, the X ray rocking curve of the produced GaN film measured at a 
(0002) plane had a value of 1300 arcsec. 

[0052] (Embodiment 3) Embodiment 3 of the present invention will be described below. 



[0053] In this embodiment, a single-crystal y-AbOa film having a thickness of 50 A was 
grown as the buffer layer 2 on a Si (1 1 1) substrate in the same manner as in Embodiment 



1 . Then, an Al thin film having a thickness of 20 A was grown as the preliminary grown 
layers. 

[0054] Then, a GaAs film having a thickness of 1000 A was grown as the compound 
semiconductor film 4 at a substrate temperature of 630*^0 in an MBE apparatus using 
metallic Ga and solid As as starting materials. 

[0055] Once the growth has been completed, a reflected high-energy electron diffraction 
(RHEED) pattern on the GaAs film surface was studied. A clear streak-like GaAs pattern 
was observed. It showed that the crystallinity and surface flatness of GaAs were very 
good. 

[0056] The surface of the produced GaAs film was studied with AFM (Atomic Force 
Microscope). The root mean square value of roughness (Rrms) was 1 8 A. 

[0057] Furthermore, the X ray rocking curve of the produced GaAs film measured at a 
(111) plane had a value of 820 arcsec. 

[0058] (Embodiment 4) Embodiment 4 of the present invention will be described below. 

[0059] In this embodiment, a single-crystal y-AhO^ film having a thickness of 50 A and 
(111) orientation was grown as the buffer layer 2 on a Si (1 1 1) substrate in the same 
manner as in Embodiment 1 . 

[0060] Then, two substrates were prepared in the following manner: the substrate 
temperature was decreased to room temperature and an Al thin film having a thickness of 
30 A (substrate A) and an Al thin film having a thickness of 40 A (substrate B) were 
grown as the preliminary grown layers 3 at an Al Knudsen cell temperature of 1050^C. 

[0061] Then, a GaN film having a thickness of about 1000 A was grown on respective 
substrates at a substrate temperature of SOO^'C as the compound semiconductor film 4 in a 
gas-source MBE apparatus using metallic Ga and N2 gas excited by ECR plasma as 
starting materials. 

[0062] Once the growth has been completed, the surface of the produced GaN films was 
studied with AFM (Atomic Force Microscope). The root mean square value of roughness 
(Rrms) was 38 A in substrate A and 95 A in substrate B. 

[0063] Furthermore, the X ray rocking curve of the produced GaN films measured at a 
(0002) plane was 1200 arcsec in substrate A and 2100 arcsec in substrate B. 

[0064] The above results showed that a good GaN film was obtained on substrate A, but 
no crystallinity improvement effect was confirmed for substrate B. 

[0065] Therefore, it is clear that the preferred thickness of the metal film obtained by 
preliminary growth is not more than 30 A. 



[0066] [Utilization Example] The utilization example will be described below. 

[0067] The method for the manufacture of a compound semiconductor film in accordance 
with the present invention is also suitable for growing a thick film of a single-crystal 
compound semiconductor on a Si substrate. In this case, a compound semiconductor layer 
of large thickness can be easily formed by using the above described processes and 
merely extending the film formation time. 

[0068] Furthermore, single-crystal substrates of nitride compound semiconductors such 
as GaN and the like that were very difficult to manufacture by the conventional methods 
can be obtained by dissolving Si substrates on which the thick compound semiconductor 
layer have been obtained in the above-described manner, with a mixed solvent consisting 
of hydrofluoric acid and nitric acid. When a film of a nitride compound semiconductor is 
grown by using such substrate, a film of very high quality with a small density of defects 
can be obtained because of a homogeneous growth mode. As a resuh, the reliability and 
service life of elements such as LED and LD can be improved significantly. 

[0069] 

[Effect of the Invention] As described above, in accordance with the present invention, 
when a compound semiconductor film is formed on a Si substrate, first, a buffer layer of 
y-A^Os or the like is formed as a buffer layer on the Si substrate, then preliminary 
growing is conducted by using at least one of Al, Ge, In, and metal elements constituting 
the compound semiconductor, which is to be grown, to form the metal preliminary grown 
layer on the buffer layer, and the desired compound semiconductor film is formed on the 
preliminary grown layer. As a result, a compoxmd semiconductor such as GaN having 
high degree of crystallinity can be grown with good flatness on the Si substrate that can 
be mass produced at low cost. Moreover, when a sapphire substrate is used, the 
production cost can be reduced significantly. At the same time, an optical resonance 
structxire necessary for the production of semiconductor lasers can be produced by using 
the cleavage ability of Si substrates. 

[0070] Furthermore, in accordance with the present invention, a device combining 
specific properties of a compound semiconductor and Si can be monolithically formed on 
the same Si substrate. Moreover, the degree of integration and speed of the entire circuit 
can be increased. 

[Brief Description of the Drawings] 

Fig 1 is a process diagram illustrating the method for the manufacture of a 
compound semiconductor film in accordance with the present invention. 

Fig 2 is a characteristic diagram showing a PL spectrum at room temperature of a 
GaN film formed in accordance with the present invention. 

Fig 3 is a characteristic diagram showing a PL spectrum at room temperature of a 
GaN film formed without conducting the preliminary growth of Al. 




[Legends] 

1 - Si substrate; 2 - buffer layer; 3 - preliminary grown layer; 4 - compound 
semiconductor film 
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Fig 2 

1 - PL intensity (arb. units); 2 - wavelength (nm) 
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Fig 3 
- wavelength (nm) 
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A 1 N, GaN, I nN. ^h\,Z\i. Ztl(i<7)jMe 
( 0 0 2 3 ] J: a tC iXit^^mA SrJ^Bg-r 

^mcomLmii. fm&^msc^mx'-m^z^hti 
r.:miz^j:'^x\>^ifzi^, it-^^^f^m^miiza 
\''^x2d:jm^M:i:mzi^t\'\ zffitmb. imttz 
it^^mt, mi<^mcr,^mmm\>^m^izit 

[0024] it^'^^mAm^umb lxh. n 

(MOCVDffi) . ^JHHSxe:?^;.^^-^ (MBE 
ffi) , ^r«I^JS^^*|xt:^dfi^-a (MOM BE 

m) . xn-,9^}vym, rMBEffiiicr)a^{o:^ 



[ 0 0 2 5 ] ;t-, ^mffifmmm^ mmtz 
biizi^). mm., aiv, '^i^m^mm^z\^±.-th 
mMz-owx^t^. 

[00 26] ii^, r-Al2 O3 J?>^f7r^r^a« 
bLxm\-^hi%^, icnttcnm^X'M, fi^ffit a 1 

WLl.^zit-^m^W^^3:^^tzm, fi^ffl{:#^tt 

ifi^f-mtih. zti<iZi.y), rntii. mmm.'i-tmum 
{imT^^^^^ai3»:7cS«<Ofi£^*5ie::0. ai 
m=i-*mix\.^hi%^i.z{mmLtzXotc2d^7m^^ 

[0027] teH^B^TKiSsicfct^T , 3d:7t&m^mz 

h b , t^^BWR±<7y^W^^± thb^ {Cboundary*iXPB 

[00 28] -e^T\ *^BB<^J:3tc, ^iS$-fflt%r^ 
(i^:^Srff ^ ^ t (c J: o T . ft^fficoHi^Sr^ilTcSllt' 
Sc— rSCl , ^iXlCj: <0 2»5cf£:^*%nhance 

[0029] mz, mmm^mfxmm-rh. 
[00 30] mmmi) mlcr>mmm^z':>\,^xmm■r 
i. 

[003 1 ] t-f. SiS«il±{c, A'.y7TS2i:L 
TcOr-Alj O3 ir&^iti. mmbtXU. Si 

(111) ««S-ffifflL. ^SA 1 tN2 0$-S!|s(i:L 
TfflV^SMBEggrtCfcl^T, ««[fflS8 2 0-C, ^ 
MAlco^'jf— t>-t;UjaS=l 1 OOX: (K— b;UjS 
jK:Knudsen cell temperatur 
e),N2 Oi7)E:;]=3xlO-2PaT'. *teB^Br-A 

I2 03 ^«:SL7t. eoi/^cD&^izj:*), fmtms 

0;ty^^xhn-A«o (111) E[6]Lfc*^ar-A 

1 2 03 mm&^tih. 

[003 2] r-Ai2 O3 f}^^m^^ixfzs 
i^l^m^l/ZtX'Tif, Al ty-fe;uias= 
10 50'CCfcl^T, ^{SfiK;Sa3tLTA 1 jlMSrl 

[0033] S«SS$r8 0 0*C^ T'^fiL, ^ 
SGafcJ:t/ECRr7Xv(Cj:-:.Ti)SL;tN2 

<b^^«:|i4 b LT*«7l 0 0 OJl-y/X hD-i»«0 
GaNK$:^ft$^S. 

[0034] ■?-LT. -e^^^Rf*, GaN)S«O^M{;:fe 
ftl.SltSjI«^ll]tff ( RH E E D ) >'N-^'-y SrS^ 




[003 5] S>t, f^L7tGaNKcoaffi$-AFM 
(Atomic Force Microscope ) X'W^LfzkZ^^ S$ 
(^Z^^J^ffl (Rrms) {i, 3 5 jfy^^X hD-AT 

coo 36 J $^>(C, -f^LitGaNJKiOX^O yJfy 

24 0 a r c s e cT'ifeo/c. 
[00 3 7] 02 «i. ^^i<7)GaNKcOPL;^'<.^'h 
;^5:S^aT•H e - C d 1^— f crjijjgt: J; 
fi>l>. 3 64. 4nm$-t-^'t-rSA>h'SS^t 

[0038] (JtfiJ^II) CCIT-, m 1 £O||teM«Oit©0!l 

[0 0 3 9]^l^SfeCTtPia{;, Si ( 1 1 1 ) S 
«1±{C, >'N' y7r®2i:LT (111) El^JLi^vi^ife 
ar-Ai2 O3 llS:*<»5 0j}-y^^;^hD-A)«:g$-tf- 
I.. 

[0040] ^(^^k. f-m^^m s t lt«o a i io^oi 

^:i^Lt. a«iagS-8 0 0°CtTGaNlK^*1;l 0 

[ 0 0 4 1 ] -e LT, ^ffi^^k, G a NIKcO^lCfo 
ttSRItftiim^-IIIIlJf (RHEED) ^N'rJ'-yS-g^ 
LTtfcC-?), ;^;K y bfcJ:i;^U>'^ttc7)GaN<7)>'N*^'- 

[004 2] S^v:. imUcGamcomiAFMT 
mmititZ^. m^COZM^i^m (Rrms) (i9 0 
yi-yi^Xho-AX'h-yfz, 

[004 3] ^(^IZ. imLfzGaNm<7)Xmoy^y 

^t>~yi (ooo2)mizi5\,^xm^ifztz^, 2 

OlOarcse cX^hrttz. 
[0044] 03 Ji. ^mi<r)Ga}i^a)PLX^9V 

mSi\,zi5\^xwe-cdv-^miSt<.zx^mf<-tz 
^^x'ht. ^\<rmmmcr>m^i,zhwm^titz/<yY 
ss^tc J: i.?bt7t'{tT-^< , 4 7 0 n mi&mzmwi^ 

CO)!£V^^tl^$fl.Tl^l). ZiX\i. GaN<7)X;t.;U 

^-mmm\^m.<,z^ ^mxwj:>iiz^mi>xm^ 

[0 0 4 5] Zh.hm2iiiiXm3<m^i}^h. HIO 

mmx'm^^tifz^'^^mw<nm<ni^^B'&ti i ia^ 
tmux'ttz. 

[0046] (itssCT2 ) f^2(r>mmmi.zr>\.\x 
[0047] ^mx'\i, ^fm^mst lx. frieA 1 
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5iMOft^0(C. Ga^'5— fe>'-tyl'aS8 5 0X:(Cfe 
l^T. GafiMSr20jr>:/;:^hD-A^^$-li:$. 
[0048] ^(TiGammmmiXtz S i S« 1 ± 

151 cO^Mt |al«{c, ib^feiji5lfls^4i:LTG 
aNK^Jig^RS-ti-l,. 

[0049] -ecO^;Sf^ , G a NM«0^ffi(Ctjftl.5lt 
©aH-^^IslJJf (RHEED) >'^•:5'->S:ffl^L/>:i::: 
6. afl^SE^^X^l»-:74je^OGaN^O>'^•:5'-:y*^SSSi^ 
tz. 

[0 0 50] ttz. f^SL;it:GaN)g<7)«ffi$-AFMT' 
a^LJtt::^), ffl$<7)Z^^J^ffi (Rrms) {i4 0 

[005 1 ] $iJ>t, f^Uv:GaN^coxan.y:i?^y 
yij-'fi: (000 2) ffiCfcV^Tii^Uct^^, 1 
300arcse cX'Sy^tz. 

[0052] (mmm3 ) <j:(c, iiscontew^oux 
[0053] *0ijT'<i, ^ -f , ig 1 crmmimmzL 

X, Si (111) SflUitc, A'.y7rl2t LT, 5 
0^y^xhn-^o*^fir-Ai2 O3 mim^-t 
h. m^^X. ^f^^-^mShLX. 20i(y^X\-u- 

[0054] ^<7)tk, \t-^%^WmA tLX. f^SG 
afcitXlliilsAsSrJ^^t LTffllV MBE^SWcfc 
V^T, S«iSS6 3 0°Ctcri 0 0 0jJ-y;/>ChD-A 
OGaAsK$r«;S$-frl.. 

[0055] -E-«0^:Sf*, G a A s MO*E(Cfc{tl>R 
It^jSm^iSSIlIiff (RHEED) yN':5'->S-S^L7tt 
C:-?). B3R!^;?.M)-^'tie<OGaAs<7)yN-^'-v*>-g^ 

^tltz, Zcr>Zb\i^ GaAsCTji^fattfeitr^HVa 

[0056] tfz. f^SL^vlGaAsMt^^ffl^rAFM 
TI^L^ti;^. a?<OZS^fe;ii (Rrms ) <il 
8 ^ y h n- AX'S) -5 ?t . 

[0057] $^>l:. f^UcGaAsM^OX^a-yilr 
yyil-m (111) ffiClfct^TfflSU^tC'^, 8 
2 0 a r c s e cX'h'^fz, 

[0058] {mmm4 ) mz, m4cr)mmmc-o\,^x 
[0059] *^jT<±, ti'.mi nmmmt^m^z i 

T, S i ( 1 1 1 ) mm±.iZ. ^<yy7!§2blX. 
(Ill) Rj^tt:50::^yyxha-i.er)Mm¥ar- 

A I2O3 mm&i-h. 

[0060] m^^mi&tX'Tlf, A1 

■ty-fe;l.iSJSl0 5 0°acfev>-C. ^«:iffl3fcL 
3 0^yyxha-AnA\w^i^^^-tfzi,<^ 

(*SA) 4 0:t>'^^XhD-A<0Alfi^$-^:g 

[0061 ] ^i\.^fi<r)W^^m IX , -fb^ 

!|?5^f*K4i:LT, ^JSGaiiJ:tXECRr7Xv{c 
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MBESISrttfcUT. s«iae8oox:cT. *tll 0 

0 0:t>/X ho-AOGa N)g^«:S$-ti-S. 
[ 0 0 6 2 ] -?-<^^:SM. f^SL^iGaNJ^co^ffi^A 
FMT'l^Uct^^. a$c7)-^:!pii,ji (Rrms ) 
ti. S«AttJl,^-C<i3 8^>-:?'Xbo-A, SSBlC 

[00 63] tfz, f^UvTGaNffiOXIiD-ydfy^^ 
;^-7'5r (000 2) ffi(Cfc^^TSS^L7ti:^:'^>. &m 
AtCfcUTIil 200arc secT'fcO. «^B{Ci> 
l-^T(i2 1 00a rc s e cfibo^c. 

(00643 ahofem**'^. . S«A{::fcv^T<sa»=5r 

[0065] ::nCJ: 0 . ^l«J«:R^ff d^SSIKc^ll 
iftLT, 3 03i->'^^Xha-A5ri6S;j.^rv^::t*ia^ 

[0066] (mm) mz. mm^z':>\,^xmmt 

[0067] ^%^n<r>it-^^mwm(r>mk)imi:m\.^ 
X. s im±i,zfmfr>mML-^^mw^^^^^i: 

[00 68] -?-LT. Z(OXol,Zlxm^^cr,{t^^m 

m-mp-rz tizx^.x. mmamt^^ibx as t $ 
ixx\^fzG aN^xi:<r)mmmt^m-mmr)m^^ 
mmzbti^mt^j:?>. zi^im^^x^itmt^ 
^^mm^^^-trcm-^. t^^m.^xhi>(r>x'X 
f&m<7yj'-^j:^ mibx^n^j:mintz b , -e<7) 



izmitZbtfiX'^l. 
[0069] 

ja±oj:3c, :^%mizxini. Sim 
WLk<,z^t-^m^^ti!^m^mm-hm^. tr, s i a« 

yrm±(,z^m<^m^Mmb lt, a i , Ga, i n 

m±^zmmbi-^it^m^fi^mm&-tix oizi 
fzm\ $imx':k&i,z±Mt^titsimm±iz, ^\,\m 

attSri^o />:G a N 5: t'i7)<t-g*^«!$-TJitt^ < fig 
^^MhZbi}<T^. "fyr-fTmRim^^im^lZit 
^XWka xhi:±mizTiflz bmmiz^h. t 

[0070]^^, *^BB(cJ:iitf, 'ft^fe^ftst S 
S«Ji{c^ / 'J -y ^ (cmt S b t^miz^j: 0 . 0 

si^m^mit. mmifrizbi,-ssmiz^^i>, 

[01 ] :^miz^?>it-^^mi^mwmimi7f:i- 
xnmx'h^. 

[02 ] *^HJCJ; ormSilJtG a NfiKiO^aX' 

p L ^ h /^?r^•t#t^0•c^) s . 

[03] A l£J5i^<i^:gS-ffi)^*>-,/c%&c7)GaNS 

[^?^«^iftB>B] 

1 Si««[ 

2 /N'y^rl 

3 ^filfig:^! 

4 it-^^mm 



[02] 



H*-Cd LOMrOZSncn] 
T=H.T. 
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